In recent years several small basaltic V-type asteroids have been identified all around the main belt. Most of them are members of the Vesta dynamical family, but an increasingly large number appear to have no link with it. The question that arises is whether all these basaltic objects do indeed come from Vesta. To find the answer to the above questioning, we decided to perform a statistical analysis of the spectroscopic and mineralogical properties of a large sample of V-types, with the objective to highlight similarities and differences among them, and shed light on their unique, or not, origin. The analysis was performed using 190 visible and near-infrared spectra from the literature for 117 V-type asteroids. The asteroids were grouped according to their dynamical properties and their computed spectral parameters compared. Comparison was also performed with spectral parameters of a sample of HED meteorites and data of the surface of Vesta taken by the VIR instrument on board of the Dawn spacecraft. Our analysis shows that although most of the V-type asteroids in the inner main belt do have a surface composition compatible with an origin from Vesta, this seem not to be the case for V-types in the middle and outer main belt.
Statistical analysis of V-types 3
Extensive numerical simulations of the dynamical evolution of Vesta's ejected fragments over timescales comparable to the family age have shown that a relatively large fraction of the original Vesta family members may have evolved out the family borders, and be considered as "fugitives" (Nesvorný et al. 2008) . However, from a dynamical point of view it is quite difficult to explain large V-type objects in the middle and outer main belt. According to Roig et al. (2008) the probability of an asteroid with a mean diameter larger than 5 km to evolve from the Vesta family, cross the 3:1 mean motion resonance with Jupiter, and reach a stable orbit in the middle belt is almost 1%. It is noteworthy that the estimated diameters (assuming an albedo of 0.4 typical for basaltic surfaces) for the middle belt asteroids 10537 1991 RY16 and 21238 Panarea are about 7 and 5 km, respectively, while for the outer belt asteroid 1459 Magnya, thermal observation have determined a diameter of 17 km (Delbo et al. 2006) . Moreover, these are the three unique V-type asteroids in the middle and outer belt whose basaltic nature has been confirmed through visible and near-infrared spectra.
In the last decade several works have been devoted to the observation of V-type asteroids, in order to answer the question of their origin (Duffard et al. 2004; Moskovitz et al. 2008a , 2008b , Burbine et al. 2009 , Moskovitz et al. 2010 , De Sanctis et al. 2011a , 2011b . In most of these works the focus has been to identify mineralogical differences and/or similarities between V-type asteroids belonging and not belonging to the Vesta dynamical family. No definitive conclusion has been reached by the diverse authors, with the only exception of 1459 Magnya, which mineralogy has been shown to be distinct from that of Vesta (Hardersen, Gaffey & Abell 2004) . For all the basaltic material in the main belt of asteroids with no dynamical connection with Vesta it is possible to consider three plausible scenarios (Moskovitz et al. 2010 ):
• These objects were removed at the epoch of the Vesta family formation and migrated to their current position via some still unknown dynamical mechanism: in this case they should not appear spectroscopically different from Vesta family asteroids.
• These objects were removed from 4 Vesta in the early phases of the Solar System formation and were scattered to their current location due to the sweeping of mean motion resonances in the region: in this case they would represent an older population of Vesta family objects and might be spectroscopically distinct.
• These objects are fragments of the basaltic crust of other differentiated bodies which were disrupted in the early phases of the asteroid belt evolution: in this case they would likely be spectroscopically and mineralogically distinct.
In order to rule out which one of the above hypothesis is not supported by the observations we performed a statistical analysis of the spectroscopic and mineralogical properties of the whole sample of V-type spectra available in literature. To highlight similarities and differences among the objects included in this sample of V-types, the largest one ever collected and analysed, and shed light on their possible Vestan origin, we computed and analysed several spectral parameters in the visible and/or near-infrared ranges. Asteroids were grouped according to their dynamical properties and their computed spectral parameters were compared with each other, with those of a sample of HED meteorites and with spectral parameters of the surface of Vesta as taken by VIR instrument on board the Dawn spacecraft. In the next section we describe the selected sample, while the statistical analysis of the data is given in section 3. The study of the mineralogy for the sub-sample with infrared data is given in section 4. Finally, we conclude discussing the results we obtained and their implications on the study of V-type asteroids in the main belt.
THE V-TYPE SAMPLE
The selected sample is composed of 190 spectra in the visible and/or near-infrared range for 117 asteroids classified as V-type according to the most recent taxonomy (DeMeo et al. 2009 ). In order to better investigate similarities between different populations we divided our sample in six groups according to their dynamical properties. The highest concentration of V-type asteroids is found in the inner main belt (at semimajor axis a< 2.5 AU), where we identified four dynamical groups: vestoids or Vesta family objects, fugitives, low-inclination (low-i) and inner other (IOs). Outside the inner main belt two other V-type groups were defined: Near-Earth Asteroids (NEAs) and Middle/Outer V-types (MOVs, at a> 2.5 AU). Objects outside the limits of the Vesta dynamical family (fugitives, low-i, IOs and MOVs) are often grouped together in literature as non-vestoids. Therefore we considered:
• A vestoid is a V-type member of the Vesta dynamical family, as defined by Nesvorný 1 using the Hierarchical Clustering Method (HCM).
• A fugitive, following the definition of Nesvorný et al. (2008) , is a V-type asteroid with a < 2.3 AU and comparable e and i with the Vesta family.
• Also according to Nesvorný et al. (2008) a low-inclination (low-i) is a V-type asteroid having i < 6
• and 2.3 < a < 2.5 AU.
• The remaining V-type asteroids in the inner main belt were identified as IOs.
• A NEA is a V-type asteroid in the near-Earth region (with a perihelium q < 1.3 AU).
• A MOV is a V-type asteroid in the middle and outer main belt (a > 2.5 AU).
Our final sample is composed of 44 vestoids, 15 fugitives, 23 low-i, 9 IOs, 4 MOVs and 22
NEAs. In Tab. A1 the orbital parameters (a, e and i) are given for each asteroid of the selected sample, as well as the solar phase at the time of the observation in the visible and/or in NIR, the reference from which the spectra were taken and the assigned dynamical group. Multiple spectral observations were used to estimate the influence of observational systematic errors. The independent analysis on the spectra of the same object taken with different telescopes and different observational conditions has excluded the possibility of systematic errors.
Since the principal aim of this analysis is to check if the different V-types across the main belt and near-Earth region share the same properties as those objects that very plausibly come from Vesta (i.e the vestoids), we considered a control sample defined by those vestoids which have both visible and near-infrared spectra obtained at solar phase angles which differs between 1 • and 12
• . The last condition is important to guarantee that the combination of visible and near-infrared spectrum is not affected by observational and geometrical effects. For some vestoids although (2468, 4815, 6159, 8693, 10037, 42947, 66268) due to the large scattering in the data some parameters were not computed, therefore they were excluded from the control sample. The final control sample is marked with an asterisk in Tab. A1.
STATISTICAL ANALYSIS

Visible range
We performed the statistical analysis on visible spectra for our sample of 85 V-types focusing on three parameters: the reflectivity gradient in the 5000 -7500 Å and 8000 -9200 Å range (slopeA and slopeB respectively), and the apparent depth (the ratio between the reflectivity at 7500 and 9000 Å). These parameters are chosen since they could characterize the position and the shape of the 0.9 µm absorption band for V-type asteroids having visible spectra. A steeper slopeA could be indicative of weathered surfaces (Fulvio et al. 2012 (Fulvio et al. , 2015 , while a deeper apparent depth could be indicative of bigger grain size (Cloutis et al. 2013) or of a fresh unweathered pyroxene.
The computed spectral parameters for each asteroid with a visible spectrum are given in Tab. A2, together with the mean value for each dynamical group and the control sample. For some asteroids, due to the large scattering in the data, some parameters could not be computed.
In Fig. 1a -1b the whole sample of 85 V-types analyzed in the visible range is grouped according to their dynamical properties. The control sample above defined, taking into account the errors bars, marks a compact region: slopeA can vary between 7.26 and 18.51%/10 3 Å, with an average value of 12.12%/10 3 Å; slopeB is found in a range between -18.41 and -35.98%/10 3 Å, with an average of -24.60%/10 3 Å; the average apparent depth is 1.46, and it varies between 1.15 and 1.72. In Fig. 1a we plotted slopeA vs slopeB. The majority of V-types cluster inside the region defined by the control sample and there is no apparent discontinuity between the spectral parameters computed for vestoids, fugitives, low-i and IOs. NEAs show the lower slopeA and the greatest and lowest slopeB. In Fig. 1b we report slopeA vs apparent depth. Most of our database of V-types cluster in the region defined by the control sample, while some asteroids, mostly NEAs and MOV objects, have higher apparent depth than the average. The extremely low slopeA found for 4 objects (238063, 2003FT3, 2003FU3 and 2003GJ21) , could be indicative of unweathered surfaces or freshly regardened material, although in this region these spectra are particularly noisy.
It should be noticed however that, due to a phase angle effect, some objects could appear redder than they actually are. To correct for phase angle effect we applied to main belt V-types (observed at α < 30
• , see Tab. A1) a relation found by Reddy et al. (2012) for Vesta, which in principle can be used for asteroids who share the same mineralogy (e.g. the V-type asteroids). It is important to stress out that this relation was originally found for Vesta, and this correction applied to our sample is more qualitative than quantitative. For NEAs, observed between 39 • < α < 93
• , we do not apply any correction, since the Reddy et al. (2012) empiric relation works well within phase angles α < 30
• , and we did not find any evident correlation between slopeA and phase angle. In Fig. 1c -1d the whole sample of main belt V-types is plotted after the empirical correction for the phase angle effect. The greater slopeA shown by some objects could be indicative of weathered surfaces. The corrected control sample has now a slopeA between 7.45 and 13.25%/10 3 Å. Few objects are plotted above the control sample, with a lower slopeB in Fig. 1c . Due to the absence of infrared counterpart 4311 could belong to a different taxonomic group. In fact, outside the region defined by the control sample there is also 6406, which is reported in literature as V-type, but from a careful analysis of its NIR spectrum it show shallower band depths, and could be classified as Sv-type. Objects below the region defined by the control sample show a greater slopeB, with possible unweathered surfaces; however it is noteworthy to say that from the comparison of its NIR spectrum 5379 also seems to belong to the S-complex. In Fig. 1d for two MOV objects (21238 and 40521) the experimental errors in the depth determination, due to the low S/N in this region, are too big to exclude a compatibility with the control sample zone. Other V-types outside the control sample (1459, 2579 and 3307) show an apparent depth greater than 1.80, which in principle could be due to a bigger grain size, fresh pyroxene or a different mineralogy. In particular 1459 is a MOV object and its position in the outer main belt could point to a different parent body and mineralogy than Vesta.
In order to verify if V-types have experienced space weathering we compared the whole sample of V-types corrected for the phase angle effect with a sample of HED meteorites taken from the RELAB database Figure 2 . SlopeA vs SlopeB and SlopeA vs Depth for a sample of HED meteorites and V-type objects corrected for the phase angle effect. Note that, even after the correction, these plots show that V-types are intrinsically redder then HED suite.
than HED (Fig. 2) , which might be attributed to space weathering. Moreover, the majority of the asteroids have SlopeA greater than the majority of the HED, thus suggesting that V-types are intrinsically redder, having experienced a certain degree of space weathering alteration.
Near Infrared range
V-type asteroids are characterized in the NIR range by the presence of two deep absorption features, due to pyroxene minerals, at 0.9 and 1.9 µm, hereafter BI and BII. These bands are caused by the Fe 2+ electronic transitions in the M1 and M2 crystallographic sites of pyroxene structure (Burns 1993). According to laboratory experiments, two parameters are the most diagnostic to infer compositional properties: band minimum and band separation (BII minimum -BI minimum). Cloutis et al. (1990) discovered that both BII minimum and band separation increase with the increasing iron content. For 71 V-types of our sample having only NIR spectra we computed BI and BII spectral parameters. For 11 objects, due to large scattering in the data in the 1-2 µm region, it was not possible to compute BI and BII minimum. We computed band minima using standard procedures, fitting each band with 2 nd order polynomial fit. Errors were computed using a Monte Carlo simulation, randomly sampling data 100 times and taking the standard deviation as incertitude. BI minima, BII minima and band separations are shown in Tab. A4.
In Fig. 3a we plot BII minima vs BI minima for all of the NIR database. Vesta family members seem to regroup at shorter BI and BII minima, inside the region defined by the control sample, 
MINERALOGY
To further investigate possible differences between different dynamical groups of V-types we conducted a mineralogical analysis using different tools. First we used the Modified Gaussian Model (Sunshine, Pieters & Pratt 1990) to compare the relative percentage of orthopyroxene and clinopyroxene in basaltic assemblages. Then we performed a comparison with meteorites in order to characterize the predominant lithology (diogenites, howardites or eucrites) among the analyzed V-types. We used the band depth as a proxy to infer some constraints on the grain size of the surface of V-type asteroids. Finally, we computed the molar composition of iron and calcium content starting from the position of BI and BII center.
Modified Gaussian Model
Basaltic material appears in nature as a single component or as a mixture of two kinds of pyroxene (orthopyroxene, OPX and clinopyroxene, CPX). The two models (OPX and OPX+CPX) can be discerned throughout a careful spectral analysis, usually performed with the Modified Gaussian
Model (Sunshine et al. 1990 ). This basic approach deconvolves absorption features into discrete mathematical distributions (modified gaussians), each described by a centre, width and strenght.
While band centres and widths do not change, the relative strength of the two major absorption bands of OPX and CPX near 1 and 2 µm vary systematically with abundance. The Component Band Strength Ratio (CBSR), defined as the ratio of the strength of the major bands of orthopyroxene and clinopyroxene, vary logarithmically with the OPX/CPX composition (Sunshine & Pieters 1993) , therefore it can be used to infer mineralogy properties.
We started by deconvolving the spectra of 38 V-types of the sample, with both visible and NIR spectra and high S/N in the 1 and 2 µm region, using only orthopyroxene input parameters Statistical analysis of V-types 11 (six absorption band centers, widths and strengths). It is important to start the initial fit with the minimum number of bands, because the fit will always improve with a greater number of bands.
The MGM outputs a wavelength dependent RMS error, which show characteristic features diagnostic for missing bands (e.g. the presence of an offset is typical for poorly modeled fits, for further details see Fig. 8 from Sunshine & Pieters 1993) . If a peak error offset from band centers was present we considered the fit not acceptable and we restarted the deconvolution using a mix of 75/25 OPX/CPX input parameters (eight absorption centres, widths and strenghts) derived in Sunshine & Pieters (1993) , and following the same procedure. Then we computed the CBSR for the 1 and 2 µm region, and related to the CPX/OPX percentage. For six V-types (1933, 3268, 3498, 3968, 4038 and 11699) , due to the large scattering of the data and the possible presence of additional bands (i.e. plagiocase, olivine... etc.) we didn't find an acceptable fit with neither one of the two models, and they will be excluded from the following analysis. The obtained results are summarized in Tab. A5. 15 V-types were best modeled using only a single pyroxene model (Tab. A5.1) and they appear to have a composition of orthopyroxene. 5111 Jacliff was modeled using an additional band to account for the M1 site absorption (Burns 1993), often masked by the most prominent M2 site absorption. Other 17 V-types of our sample were modeled using both OPX and CPX absorption bands (Tab. A5.2), which relative strengths therefore can be used to estimate the proportion of 
HED comparison
Among V-types with both visible and infrared spectra we computed band centres and band depths for 38 objects. Other V-types with VNIR spectra have low S/N, generally in the 2 µm region, and no parameter was computed. Band centres were evaluated first removing the continuum between the two local maxima at 0.7 and 1.2-1.4 µm and then fitting each band with a 2 nd order polynomial fit:
BI was fitted in the 0.8 -1.1 µm region, while BII was fitted in the 1.6-2.3 µm region. Band depths were computed dividing the reflectance at the band centre by the reflectance of the continuum at eucrites of different grain size taken from the RELAB database. For diogenites and howardites we considered only meteorite samples with grain sizes < 25 µm, since for both of them only one sample of grain sizes > 25 µm is available on RELAB database. The majority of our V-type sample seems to be compatible with howardites and eucrites of a grain size < 25 µm (Fig. 4b) 
DISCUSSION AND CONCLUSIONS
We completed our statistical work over 117 V-type asteroids analyzed in the visible and/or nearinfrared range in order to highlight similarities between the spectral characteristics of objects belonging to the Vesta dynamical family, V-type NEAs and several dynamical classes not connected to Vesta (fugitives, low-i, IOs, MOVs) called in literature "non-vestoids". Our statistical analysis has shown that:
• Two V-types (5379 and 6406), classified as basaltic objects in literature, seem to belong to another taxonomic class.
• V-type asteroids show greater visible slopes than HED meteorites. The predominant lithology for basaltic objects is howardite, in agreement with the Dawn latest results, although some objects show an affinity with diogenites and eucrites. The analysis of band depth confirms that the majority of V-types are compatible with eucrites and howardites of a grain size < 25 µm.
• Inner main belt V-type asteroids (fugitives, low-i, IOs) have spectral parameters compatible with the Vesta family, pointing to Vesta as a plausible parent body, although the deconvolution of their spectra with the MGM show a great variation of their OPX/CPX content.
• NEAs and MOVs show spectral parameters quite different to the Vesta family. NEAs show also the greatest spread of iron content of the database, while the analysis on MOVs points to a different mineralogy.
Laboratory experiments (Vernazza et al. 2006 , Fulvio et al. 2012 , 2015 have shown that space weathering affects the surfaces of basaltic material, reddening the spectral slope and lowering the band depths. The higher spread of spectral parameters found on NEAs could be linked to a balance between space weathering processes and "rejuvenation" of surfaces caused by close encounters with planets (Binzel et al. 2010) , which expose more fresh surface material (see Fulvio et al. 2015 for a detailed discussion). NEAs show also a higher spread of iron content (Fig. 3b) respect to the Vesta family. Although we cannot exclude that in some cases the apparent diversity could be due to a different grain size (Fig. 4b) , our analysis strongly support the idea that this diversity is due to a balance of weathering processes and a rejuvenation of surfaces triggered by close encounters with terrestrial planets.
The MOVs show higher band depths and in some cases unusual band centres (Fig. 4) . Their location in the main belt strongly points to a different origin from Vesta since, as already pointed out, the probability that a 5 km V-type asteroid ejected from Vesta crosses the 3:1 resonance with
Jupiter and reaches a stable orbit in the middle/outer belt, is almost 1% (Roig et al. 2008) . Hardersen et al. (2004) has already claimed for Magnya a different mineralogy. In order to confirm or exclude a genetic link between Vesta and the MOV objects we looked for spots on the surface of Vesta having a composition and a mineralogy compatible with them. The comparison was performed using Dawn spectra collected by the VIR instrument on the south pole region, near the craters which likely produced the Vesta dynamical family. Comparing the maps of BI-BII centres and depths produced by the VIR Team (Ammannito et al. 2013 ) and the same parameters obtained using the same procedures for the two MOV objects in our sample, we found that Magnya and Panarea have spectral parameters not compatible with the south pole region of Vesta. Moreover, the excavation of a (17 ± 1) km object like Magnya from the two deep craters around the south pole of Vesta (which have an estimated depth of 30-45 km) seems rather improbable. For these two basaltic objects, due to their peculiar spectral properties, sizes and location in the main belt we can argue that they have an unrelated origin to Vesta.
These results were obtained for a small subsample of MOV objects. In the near future to enlarge the statistics for middle/outer V-type objects it will be necessary to observe and spectrally confirm a large number of basaltic objects in the middle/outer main belt. The confirmation of a large clustered number of basaltic objects in a region dynamically inaccessible from Vesta would be the ironclad evidence of the existence of another basaltic parent body in the Solar System. a These values represent the high calcium percentage pyroxene estimated trough the relative strengths of the OPX and CPX in both the 1 and 2 µm regions, using the method outlined by Sunshine 
